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Rate effects in the Hertzian contact loading of model glasy
polycarbonate and silicon/polycarbonate bilayers bonded by
epoxy adhesive are examined. Glassis used because of its high
susceptibility to slow crack growth, making this conventional
contribution to the rate dependencies easy to distinguish.
Silicon is used as a control material with effectively no slow
crack growth. Abrasion damage is introduced into the under-
surfaces of the brittle coating layersto provide controlled flaws
for the initiation of radial cracks from flexural stresses intro-
duced by the contact loading. Critical loads are measured as a
function of loading rate. Comparative flexural strength tests
on free-standing abraded specimens show a pronounced rate
dependence in the glass but none in the silicon, entirely
consistent with slow crack growth effects. The glass/polycar-
bonate bilayer critical load data show a similar trend, but with
stronger loading-rate dependence, suggesting an extraneous
contribution to the kinetics from the adhesive/substrate. The
silicon/polycarbonate bilayer data also show a loading-rate
dependence, albeit much smaller, confirming this last conclu-
sion. Data from cyclic contact tests on the glass/polycar bonate
bilayers coincide with the loading-rate data on lifetime plots,
eliminating the likelihood of a mechanical component in the
fatigue response. It is concluded that the adhesive/substrate
contribution is viscoelastic in nature, from energy-dissipating
(but noncumulative) anelastic deformation during the cyclic
loading. Critical load tests on bilayerswith different exposures
to external water show no influence of external environment,
suggesting that internal moisture is responsible for the slow
crack growth in the glass-coating bilayers.
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|. Introduction

ECENT evaluations have been made of critical loads to produce

Hertzian contact damage in bilayers of ceramic coatings
bonded to soft polymer and metal substrdtésSuch damage is
relevant to the failure of dental crowns, hip prostheses, laminated
glasses, thermal barrier coatings, hard disks, and other engineering
layer structures. The usual near-contact top-surface damage modes
documented in studies on monolithic materfafd,e., cone cracks
(in fine-grain ceramics and glasses) and quasi plasticity (in coarse,
tough ceramics), persist in ceramic coating structures. But poten-
tially more damaging are radial cracks initiating at the lower
ceramic surface (i.e., the coating/substrate interface), especially in
thinner coatings. Radial cracking is believed to be the primary
cause of failure in dental crowd8 2 for instance. The tensile
stress state at the coating undersurface in concentrated loading is
analogous to that in a biaxial strength test, attributable to flexure of
the coating on its compliant support. One difference is that in the
bilayer system these tensile stresses are somewhat localized below
the indenter, so that propagating cracks tend to be Stable
initiation does not usually take the bilayer to spontaneous failure.
Bilayer studies have proved useful in determining key variables
such as layer thickness, material properties, surface flaw state, etc.,
and have led to the development of explicit fracture mechanics
relations for the critical loads in terms of these variables.

Until now, attention in bilayer contact testing has focused on
single-cycle loading at some fixed load rate or crosshead speed.
Practical layer structures may be subject to premature failure in
sustained or repeat loading during service, resulting in finite
lifetimes. How much of this failure may be ascribed to slow
growth of the radial cracks that initiate from flaws in the
undersurfaces of ceramic coatings remains to be addressed. Rate
effects of this kind are strongly evident in strength characteristics
in conventional flexural strength tests. Since slow crack growth is
generally associated with the chemical influence of watet®
accessibility of moisture to the coating/substrate interface where
the radial cracks originate becomes an issue. Slow crack growth
has certainly been confirmed as a primary rate-dependent mecha-
nism in the growth of cone cracks at the top surface of monolithic
ceramics;®”where moisture has no difficulty entering the crack
mouth. The influence of moisture is also manifest to some extent
in quasi-plastic zones, but there micromechanical degradation of
the microstructure is a more dominant mode of damage accumu-
lation *® Questions then arise as to whether competing mechanical
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influences can arise in bilayer systems, from some form of
irreversible rate- or cycle-dependent damage in the sublayers,
progressively reducing the effective modulus of the support base
and thereby allowing buildup of tension in the coating undersur-
face—e.g., from cumulative plasticity’® or viscoelastic relax-
ation.®® Accordingly, in ceramic/substrate bilayer systems care
needs to be taken to distinguish between chemical effects from
slow crack growth in the coating and mechanica effects from
dissipative processes in the support substrate.

In this paper we describe the results of Hertzian contact tests on
ceramic/substrate bilayers aimed specifically at determining rate
effects. For our model system we use glass/polycarbonate bilayers,
bonded by a thin layer of epoxy adhesive, from an earlier study.?
Abrasion flaws are introduced into the glass undersurfaces before
bonding, to provide controlled flaws and thus to reduce scatter in
the critical loads to produce radial cracks. Advantages of this
system, apart from the fact that its mechanics are well studied, are
twofold: first, both the polycarbonate and the adhesive are trans-
parent, making in situ observation of the radial cracks straightfor-
ward; second, the fracture of glass is particularly susceptible to
moisture,”>* so that slow crack growth effects may be easily
distinguished. Tests are conducted by loading a blunt indenter on
the bilayer top surface in single-cycle loading at constant stressing
rates, and in multicycle loading at prescribed frequencies. Critical
loads to induce radial fractures are then measured as a function of
contact duration. Comparative tests on silicon/polycarbonate bi-
layers are conducted as a control, making use of the relative
immunity of silicon to moisture-assisted sow crack growth®* to
isolate any mechanical from chemical contributions to the fatigue.
Subsidiary constant stressing rate tests on glass/polycarbonate
bilayers with different exposures to water are used to ascertain the
influence of external environmental conditions. We will argue that
most of the fatigue in the glass-coating bilayers is indeed due to
chemically assisted slow crack growth, associated with residual
internal water at the ceramic/adhesive—substrate interface. How-
ever, an extraneous contribution associated with viscoelasticity
effects in the adhesive-substrate underlayer could become an
important factor in bilayer ceramic coating systems with smaller
slow crack growth susceptibility.

Il. Rate Effect Due to Slow Crack Growth—
Fracture Mechanics

Begin by considering rate effects from slow crack growth alone.
Consider a ceramic coating of thickness d and Y oung's modulus
E. bonded with thin adhesive onto a thick compliant substrate of
modulus E,, subjected to a concentrated load P at the top surface
(Fig. 1). The load causes the coating to flex on the compliant
support, inducing atensile stress at the lower coating surface at the
contact axis?

o = (P/B) log (CE,/E.) 1)

where B and C are dimensionless coefficients.

Suppose the lower surface of the ceramic below the indenter
contains flaws of characteristic dimension ¢; that can serve as
initiation sites for radial cracks. In earlier analyses it has been
assumed that the critical load to initiate radial cracking at the lower
ceramic surface from such a flaw occurs when ¢ in Eq. (1) equals
the bulk strength of the ceramic.®*?2 Thus, in effect, the critical
load to produce a radia crack is a direct measure of the coating
strength. This assumption has been validated by comparing critical
subsurface stresses with actual strength data obtained from anal-
ogous tests on the same coating materials in four-point bending
(except for very large, or sparse flaws—not applicable here).® It is
contingent on the existence of a sufficient density of flaws in the
tensile region (a condition that can be violated in thinner coatings,
i.e, <<1 mm for abraded glass, but is not an issue here).”

It ispresumed in previous critical load analyses that the strength
of ceramics is a well-defined, equilibrium quantity, whereas in
reality it is usualy load-rate dependent. Here we outline an
analysis based on the hypothesis that any rate effects are due
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Fig. 1. Schematic of bilayer test configuration, showing ceramic coating
layer of thickness d bonded with thin epoxy adhesive interlayer to
polycarbonate substrate. Bilayer is loaded with indenter of radiusr at top
surface, contact radius a. Radial crack initiates from surface flaw, charac-
teristic dimension ¢, at lower ceramic surface.

exclusively to slow crack growth of prepresent flaws, governed by
a crack velocity equation.®®*®2* As indicated (Section 1), slow
crack growth is generally attributable to intrusion of water mole-
cules into the crack walls. Such intrusion implies access of water
molecules to the flaw mouth, from either interna or external
moisture. The question arises as to whether such access exists at
the lower ceramic surface in the bilayer structure—the substrate
and associated bonding adhesive might have been expected to
provide some “protection” from the external environment. We can
test this notion in the present study by conducting prescribed
load-rate tests on model bilayer coating/substrate systems and
looking for any deviations from predicted behavior. Such devia-
tions have been used to identify the presence of extraneous sources
of fatigue in cyclic contact tests on monoalithic, tough, coarse-grain
ceramics—in that case, from cumulative quasi plasticity.®
Accordingly, suppose that a flaw of initial size ¢ in the lower
ceramic surface in Fig. 1 is subject to time-dependent extension
c(t) from an applied stress o(t) according to a velocity relation®

v = vo(K/T)N 2

with K the stress-intensity factor, T the toughness (here assumed
single-valued, T = K, ), and N and v, crack velocity exponent and
coefficient. Assuming the flaw to be free of any extraneous
residua stress, the stress-intensity factor on the flaw in the range
g=c<<dis

K = poc?? 3

with {s a crack geometry coefficient. Combining Egs. (1) to (3) and
integrating over crack length between ¢ = ¢ and ¢ = c,
(corresponding to fina instability at K = T) we obtain, in the
approximation N >> 1 (so that terms in ¢, are negligibly small)

f PO dt = A (4

with A = { U[(N/2 — Lyvc N2~ Y]} [BTPA) log (CE/EJ]N aload-
and time-independent quantity.

It remains only to specify P(t). Here we are interested in two
contact test configurations:

(i) Constant loading rate (“dynamic fatigue”) The speci-
men is loaded at a constant rate P until initiation of aradia crack
at critical load P,

P(t) = Pt = (P, /to)t (5)
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where t is the elapsed time to produce the radial crack. Substi-
tuting into Eq. (4) and integrating yields

P,'}ﬁtR =AN+1 (6)
or, dternatively,
P =[AN + 1)P]UN @)

(ii) Constant frequency (“ cyclic fatigue”): The specimen is
loaded sinusoidally between 0 = P = P, at a constant frequency
f, i.e,

P(t) = (P,/2)[1 — sin (2nft — 7/2)] )

until initiation of aradial crack at time tg. Substituting into Eq. (4)
and integrating, we obtain®

PNtz = 2AN% ©)

by analogy with Eq. (6).

Noting Eg. (1), the dynamic fatigue relation Eqg. (7) can be
reduced to a more familiar form for plates subjected to a critical
flexural tensile stress

o = [Ag(N + DN (10)

where Ay = (TAR)N[(N/2 — Lyvye N2 2.

We reiterate that these equations are based on the assumption
that the fracture kinetics are determined exclusively by slow crack
growth, free of residual stresses acting on the flaws. Any extrane-
ous kinetic contribution from the adhesive/substrate will increase
the rate dependency, so that experimentally measured exponents
N" evaluated from Egs. (6), (7), and (9) may be lower than the true
crack velocity exponent N. Moreover, if the flaws are generated by
elastic—plastic microcontacts,*>*24=28 the value of N’ may be
depressed still further, dependent on the intensity of the residual
contact stress—for surface abrasion flaws, this contribution is
typically small, because of stress relaxation from chipping around
the flaw sites®

I11.  Experiments

Brittle coating layers were prepared from soda-lime glass
microscope slides (Fischer Scientific, Pittsburgh, PA) of dimen-
sions 75 mm X 25 mm X 1 mm, and from polished (001)
monocrystalline silicon plates (Virginia Semiconductors, Fred-
erichsburg, VA) of the same thickness and cut to the same lateral
dimensions. The lower surfaces of the bulk of the coating layers
were lightly abraded with grade 600 SIC grit to introduce con-
trolled flaws for ensuing radial cracking.”*° An epoxy resin
(Harcos Chemicals, Bellesville, NJ) was then used to bond the
layers to a clear polycarbonate base 12.5 mm thick (Hyzod, AIN
Plastics, Norfolk, VA). The specimens were lightly clamped
during curing to keep the adhesive layer thin, ~10 wm. Most
specimens were bonded in air, but some were bonded in situ in a
dry box (<25% humidity) after allowing all components 2 days to
equilibrate within the enclosure.

Contact tests on the glass/polycarbonate and silicon/polycar-
bonate bilayers were made using a tungsten carbide (WC) indent-
ing sphere of radius r = 3.18 mm mounted into the crosshead of
amechanical loading machine. (Some tests were made with a flat
of diameter 0.9 mm ground on the sphere, to enable better
visualization of contact area.) The bilayers were mounted onto
glass slabs 6 mm thick to provide additional base support during
indentation. Several indentation tests could be made on any one
bilayer surface. Load data were recorded digitally at a rate of 500
s, with a resolution of better than 0.1 N. Constant loading rate
tests over arange P = 0.01 to 1000 N-s~* were conducted on a
screw-driven Instron testing machine (Model 5500R, Instron Corp,
Canton, MA). Load rates were determined from the near-linear
regions of the recorded |oad-time responses P(t). The incidence of
radial cracking in the lower coating surface was viewed from
below, through a 3 mm diameter hole in the specimen support
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stage, using a microscope zoom system (Optem, Santa Clara, CA)
with its optical axis carefully aigned aong the load axis and
mounted into a video camcorder (Canon XL1, Canon, Lake
Success, NY). These observations enabled direct measurement of
critical loads P,,. Distinctive load drops in the P(t) responses,
typically 5 N in magnitude, allowed more accurate determinations
of P, at the faster load rates. Corresponding fracture times t; =
P./P were caculated from the measured critical loads at the
different load rates.

Some cyclic tests were made on glass/polycarbonate bilayers on
a servo-hydraulic machine (Model 8502, Instron Corp, Canton,
MA) at frequenciesf = 0.1, 1, and 10 Hz. At each frequency, four
maximum loads, P,,, = 75, 90, 110, and 120 N, were used. Again,
the specimens were observed from below, and the time t to radia
cracking was duly measured for each test condition.

The bulk of the tests were run in laboratory atmosphere.
Additional dynamic fatigue tests were run on glass/polycarbonate
bilayers in water, to investigate the role of externa environment.
These tests included specimens presoaked in water for prescribed
periods, followed by immediate testing either in air (after quick
surface drying) or in the same water bath.

In addition, some comparative four-point bend tests were
conducted on free-standing glass bars 35 mm X 12 mm X 1 mm
cut from the same slides and silicon bars 60 mm X 8 mm X 1 mm
cut from the same plates as above. Specimen edges were cham-
fered using 6 wm diamond paste. The center regions of the
prospective lower tensile surfaces were preabraded in the same
way as the bilayer specimens. Constant loading rate tests to failure
were then conducted in four-point flexure, inner and outer spans 10
and 20 mm (glass) and 20 and 40 mm (silicon), and strengths o,
calculated from the breaking loads.

IV. Results and Analysis

(1) Four-Point Flexure Tests

To establish a base line for analyzing the bilayer test data, we
first present dynamic fatigue results from four-point flexure tests
on the free-standing abraded soda—ime glass and silicon bars. Data
are plotted in Fig. 2 (means and standard deviations, minimum of
five specimens). Linear fits to the raw data in logarithmic coordi-
nates, in accordance with Eq. (10), are shown as the solid lines.
These fits yield mean and standard error evaluations N = 18.1 =
1.1 (slope 0.0524 =+ 0.0032) for glass and N ~ < effectively (slope
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Fig. 2. Plot of strength o,, versus stressing rate ¢ for preabraded
soda-lime glass bars (filled symbols) and silicon bars (unfilled symbols).
Error bars are means and standard deviations, minimum of five specimens.
Solid lines are linear logarithmic best fits to Eq. (10).
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0.0012 = 0.0034) for silicon. The N vaue for soda—lime glass is
close to the “true” crack velocity exponent N = 18.0 + 0.5 from
independent evaluations,**?3! suggesting insignificant residual
contact stresses around the abrasion flaws. For the silicon, the
infinite value of N is consistent with the absence of any significant
intrinsic slow crack growth in this material.

(2) Bilayer Tests

Subsurface views of radial crack patterns in glass and silicon
bilayers, obtained using spherical indenters with machined flats,
are shown in Fig. 3. In glass (Fig. 3(8)), the circular contact area
is clearly visible through the transparent coating. The radial crack
patterns are the same as observed previously in isotropic glasses
and ceramics,®>**° i.e, centered close to the load axis and
geometrically orientation-independent indent to indent. In silicon
(Fig. 3(b)), the contact area is not detectable through the opague

(a)

1.5 mm

I mm

Fig. 3. Insitu photographs of radial cracksin brittle coatings, d = 1 mm,
viewed from below through clear polycarbonate substrates, thickness 12.7
mm. Indentation made with WC sphere of radiusr = 3.18 mm containing
ground flat of 0.9 mm diameter. (a) Soda-lime glass, load P = 125 N,
random orientation relative to load axisindent to indent. Note contact circle
through transparent coating. (b) Silicon, P = 136 N, cracks orthogonally
aligned along traces of {111} cleavage planes on (001) surfaces.
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coating. However, the radial cracks aways initiated close to the
center of the optical field of view, i.e,, close to the contact axis. In
this material the radial cracks always showed orthogonal traces on
the (001) surfaces, and always with the same orientation from
indent to indent, consistent with {111} cleavage.

Plots of data for radial crack critical load P,,, as a function of
loading rate P from dynamic fatigue tests in air are shown for the
glass/polycarbonate and silicon/polycarbonate bilayers in Fig. 4
(means and standard deviations, minimum of five tests). Solid
lines are linear best fits to the raw data, in logarithmic coordinates.
In accordance with Eq. (7), these best fitsyield N’ = 16.0 = 0.7
for glassand N’ = 66 = 11 for silicon (means and standard errors).
These N’ values are lower than the corresponding N values
obtained from the flexure datain Fig. 2 (Section 1V(1)). Compu-
tation of 95% confidence limits for the data fits confirms that these
differences are significant—i.e., there is area contribution to the
rate effect from the adhesive/substrate in the bilayer data.

Figure 5 compares results of the constant loading rate tests on
glass/polycarbonate bilayers from Fig. 4 (using tg = P,/P) with
those of cyclic loading tests (three frequencies) on the same
bilayers, for tests in air (filled symbols). The solid line is a
prediction from Eq. (9) using the parametric evaluation from the
best-fit line to the glass/polycarbonate data in Fig. 4. The cyclic
data represent means for a minimum of 15 tests per condition
(standard deviations omitted). No significant departures from the
solid line are observed for the cyclic data, implying the absence of
any mechanical fatigue effect under the specified test conditions.
Also included in Fig. 5 are data from constant loading rate tests
conducted on dry-box-prepared bilayers (unfilled symbols). In this
instance, the dashed curve is a best fit but with the same N’ value
as the air-prepared specimens.

Results of tests on glass/polycarbonate bilayers tested in differ-
ent water environments are shown in the bar diagram of Fig. 6, at
two loading rates. The results are for tests in air (A), in air with
water presoak (AP), in water (W), and in water with presoak (WP),
presoak times indicated (days). Data are means and standard
deviations, minimum of eight tests per condition. Whereas results
for the two loading rates are substantially different within the
experimental scatter, no such difference is apparent within each
loading rate data set. These results suggest no external environ-
mental influence on the radia fracture kinetics.
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Fig. 4. Plot of critical load P, for radial cracking as function of loading
rate P for coatings of soda-lime glass (filled symbols) and silicon (unfilled
symbols) bonded to polycarbonate substrates. Indentations with WC
sphere, radiusr = 3.18 mm, testsin air. Data points are means and standard
deviations of a minimum of five tests per loading rate for each condition.
Solid lines are linear best fits in logarithmic coordinates.
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Fig. 5. Plot of maximum contact load P, as function of time t to radial
cracking for soda-lime glass coatings bonded to polycarbonate substrates.
Indentations with WC sphere, radius r = 3.18 mm, al tests in air. Filled
symbols are data for air-prepared bilayers, cyclic loading tests (minimum
of 15 tests per maximum load) at three frequencies (indicated) and constant
loading rate tests (from Fig. 4)—solid line generated from parameter fit to
glass data in Fig. 4 using Eg. (9). Unfilled symbols are data for
dry-box-prepared specimens, constant loading rate tests—dashed line is
simply parallel-shifted solid line through these data. (Standard deviation
error bars not included, to avoid data overlap.)

V. Discussion

We have demonstrated the existence of rate effects in the
critical contact loads to initiate radial cracks at the undersurfaces
of soda-lime glass and silicon coatings bonded to compliant
polycarbonate substrates (Fig. 4). Constant loading rate experi-
ments show rate effectsin crack initiation from controlled abrasion
flaws, amounting to a drop of a factor of 2 or so over some 4
decades in loading rate in the glass bilayer data. A much smaller,
but not insignificant, effect is observed in the silicon bilayer data.
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Fig. 6. Bar chat comparing critical loads P,, to radial cracking in
soda-lime glass coatings bonded to polycarbonate substrates, under differ-
ent environmental test conditions: air (A), air with water presoak (AP),
water (W), and water with presoak (WP)—presoak times indicated (days).
Indentations with WC sphere, radius r = 3.18 mm.
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Comparative flexural strength tests on free-standing glass bars
(Fig. 2) indicate similar trends in the glass data, consistent with
sow crack growth in the abrasion flaws before crack initiation.
Similar flexural strength tests on silicon, on the other hand, show
no measurable rate effect. The comparative data on silicon
suggests that while slow crack growth isamajor contributor to the
fatigue in glass, there must be some secondary contribution from
the adhesive/substrate support in the bilayer structures.

Further comparison of the glass/polycarbonate bilayer data at
constant loading rate with those for cyclic loading (Fig. 5) shows
no discernible differences for specimens prepared in air. This
suggests that any rate effect associated with the adhesive/polycar-
bonate substrate is not cumulative. A simple finite element
analysis using a previously described algorithm for the indentation
of glass-coating bilayer structures® indicates sublayer stresses
well below the yield points of the polycarbonate and adhesive
materials, confirming the absence of plasticity and thus eliminating
the likelihood of “cyclic creep.”*® This does not preclude vis-
coelasticity, which can lead to closed-loop load/unload hysteresis
(anelasticity) without residual, cumulative deformation. Such a
process could allow greater coating deflections and thus enhanced
tensile stresses at the undersurface of the flexing coating layer at
slower loading rates, potentialy accounting for the sublayer rate
effects alluded to in the preceding paragraph. This is an area of
research that warrants closer attention, especially in systems with
high polymeric componentsin the substrates, and for coatings with
relatively small slow crack growth (high N) where the viscoelastic
contribution could become a larger part of the rate effect.

The extraneous test environment does not seem to influence the
critical loadsfor radial cracking in the glass/polycarbonate bilayers
(Fig. 6), implying that external water does not diffuse at any
significant rate along the adjoining interfaces or through the
polycarbonate. Y et tests at different loading rates still demonstrate
significant shiftsin the data. This implies short-range migration of
internal water to the critical interface region. Such short-range
transport of water has been proposed for polymer-coated optical
fibers,®® by diffusion of extraneous moisture through the coating,
and dental crown systems, from sources in the live dentin through
the adjoining dental cement interlayer.™® This conclusion is con-
sistent with the shift in constant loading rate data to higher P,,
values for dry-box-prepared specimensin Fig. 5, attributable to
a reduced concentration of moisture in the adhesive/substrate
support.

Finally, we acknowledge our restriction in the fracture mechan-
ics analysis of Section Il to ceramic materials with single-valued
toughness, i.e., no R-curve.™® This should not be amajor limitation
in practical applications in which ceramic coating materials are
chosen for high wear resistance (bearings) or aesthetics (porcelain-
veneered crowns), where hardness and strength supersede tough-
ness as primary material properties.
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